Band 3 aggregation in the plane of the red blood cell (RBC) membrane is postulated to be important in the pathophysiology of hemolysis of dense sickle and normal RBCs. We used the fluorescence photobleaching recovery and polarized fluorescence depletion techniques to measure the lateral and rotational mobility of band 3, glycophorins, and phospholipid analogues in membranes of density-separated intact RBCs from seven patients with sickle cell disease and eight normal controls. The fractions of laterally mobile band 3 and glycophorin decreased progressively as sickle RBC density increased. Normal RBCs also showed a progressive decrease in band 3 fractional mobility with increasing buoyant density. Rapidly rotating, slowly rotating, and rotationally immobile forms of band 3 were observed in both sickle and normal RBC membranes. The fraction of rapidly rotating band 3 progressively decreased and the fraction of rotationally immobile band 3 progressively increased with increasing sickle RBC density. Changes in the fraction of rotationally immobile band 3 were not reversible upon hypotonic swelling of dense sickle RBCs, and normal RBCs osmotically shrunken in sucrose buffers failed to manifest band 3 immobilization at median cell hemoglobin concentration values characteristic of dense sickle RBCs. We conclude that dense sickle and normal RBCs acquire irreversible membrane abnormalities that cause transmembrane protein immobilization and band 3 aggregation. Band 3 aggregates could serve as cell surface sites of autologous antibody binding and thereby lead to removal of dense sickle and normal (senescent)
Introduction
Cell membranes are transducers by which intracellular events affect interactions of the cell with its extracellular environment. The primary pathophysiological event in sickle cell disease, polymerization of hemoglobin S within sickle red blood that enhance interactions between sickle RBCs and bone marrow-derived mononuclear phagocytes (1) . These interactions are likely to lead to premature removal of sickle RBCs from the circulation, a major clinical problem in sickle cell disease.
The normal RBC membrane is composed ofa lipid bilayer, in which integral membrane proteins are embedded, and a multicomponent protein skeleton, which laminates the inner bilayer surface (2) . Two major integral membrane glycoproteins, band 3 and glycophorin A, span the bilayer. Band 3, present in -106 copies per cell (3), mediates anion exchange across the membrane (4) . Glycophorin A, present in -5 x 105 copies per cell (5) , is the major sialoglycoprotein. The membrane skeleton determines RBC stability, deformability, and shape (6-9) and appears to regulate lateral and rotational mobility of band 3 and glycophorin A in the plane ofthe membrane (10) (11) (12) (13) (14) (15) (16) (17) (18) . The major skeletal protein, spectrin, is attached to the overlying bilayer through interactions involving: ankyrin, which links spectrin to a portion ( 10-15%) of band 3; protein 4.1, which links spectrin to glycophorin C and possibly to glycophorin A and band 3; and, possibly, inner leaflet aminophospholipids, including phosphatidylserine and phosphatidylethanolamine (2) .
Sickle RBC membranes exhibit multiple structural and functional abnormalities ( for review see reference 19) . Irreversibly sickled cells (ISCs) are abnormally rigid (20) and manifest increased exposure of aminophospholipids in the outer leaflet of the RBC membrane (21) (22) (23) (24) (25) . Membrane skeletons from ISCs retain the deformed sickle shape in the absence of hemoglobin and membrane lipid (26) . Negative charges at the surface of sickle RBCs, presumably carried by glycophorins, may be abnormally clustered (27, 28) , although this finding is controversial (29) . Elevated levels of hemoglobin are found at the inner surface of sickle RBC membranes, presumably bound to band 3 (30) . Sickle RBC membranes have increased lipid peroxidation (31 ) and intraprotein disulfide bonds ( 1 ) as manifestations of oxidant damage induced by increased levels of activated oxygen products (32; for review see reference 33). Finally, sickle RBCs exhibit net potassium and water loss (34, 35) and net calcium accumulation (36) . These changes are progressive over the life span of the cell.
Many RBC membrane defects are also found in normal cells of increased density. Membrane surface area is decreased (37) , with nonselective loss of phospholipid, cholesterol (38) , and sialic acid bearing glycoproteins (39, 40) (but not band 3). Cell deformability is impaired. Activities of many cellular enzymes are decreased, including glycolytic enzymes, superoxide dismutase (41 ) , glutathione peroxidase (42) , and glutathione reductase; ATP levels are normal, however. Increased oxidized glutathione (42) and membrane-associated hemoglobin (43) and hemichrome (44) may indicate that progressive oxidative membrane damage occurs with increasing cell age (33) . Increased clustering of cell surface negative charges (45) and increased cell surface binding ofautologous IgG (46) (47) (48) (49) (50) (51) are also found in dense normal cells.
Changes at the RBC surface are likely to be responsible for the observed increase in hemolysis of dense sickle and normal cells. Cell surface changes could induce increased binding of autologous IgG to dense sickle and normal RBCs and thereby mediate the removal of such cells from the circulation (52) (53) (54) (55) (56) (57) . In this report we have used the techniques of fluorescence photobleaching recovery (FPR) and polarized fluorescence depletion (PFD) to measure the lateral and rotational mobility of band 3 and the lateral mobility of glycophorins and phospholipid analogues in membranes of density fractionated sickle and normal RBCs. Cell density correlates to some extent with cell age (58) and with sickle RBC morphology. By characterizing the physical state ofband 3 and glycophorins in dense sickle and normal cells, we have elucidated molecular rearrangements that could directly mediate the removal of such cells from the circulation. Our data are consistent, on a molecular level, with the hypothesis that aggregates of band 3 serve as the primary binding site for autologous IgG and therefore as the likely cell surface signal for dense cell removal. (63) of fluorescence recovery data yielded both the diffusion coefficient (D) and the fraction (f) of fluorescently labeled molecules that were free to diffuse on the time scale of the experiment (64).
Methods
PFD was used to measure the rotational mobility of eosin-labeled band 3 in membranes of intact RBCs. This technique combines the sensitivity of fluorescence detection with the long lifetime of excited triplet states (65, 66) . Briefly, recovery of fluorescence after a ground state depletion pulse depended both on the triplet lifetime(s) of the fluorophore and on the rotational relaxation time(s) of band 3. In addition, the fraction ofband 3 molecules that was rotationally immobile on the time scale ofthe experiment was obtained from the residual anisotropy ofthe fluorescence intensities excited by parallel and perpendicular probe beams (see references 66 and 67 for a complete description ofthe theory involved in PFD experiments). Using our laser microscope photometer, two exponential components of anisotropy decay and a residual anisotropy could be resolved, so data were fitted by nonlinear least-squares analysis to the equation r(t) = r(oo) + a-e(t'/T) + 3ee(-/T2), where r(t) is the anisotropy at time t, r(oo) is the residual anisotropy, and a and f are the fractions of molecules with rotational correlation times Tr and T2, respectively. For anisotropy decay curves in which it was apparent that r, < 40 us, r(0) was set equal to the anisotropy value determined using eosin-labeled RBCs fixed with 1% glutaraldehyde. Band 3 in the membranes offixed cells exhibited no rotational mobility and the anisotropy, typically 0.27-0.33, was time invariant. This procedure allowed the reliable determination of a but not T, in such cases.
EMA labels band 3 specifically at the external anion transport site of this protein (68, 69) . EMA bound to band 3 in intact cells has multiple phosphorescence (triplet) lifetimes of 2.3, 0.4, and 0.04 ms (67) , and a single fluorescence (singlet) lifetime of 2.99 ns (68) . Despite the existence of multiple triplet lifetimes, however, our observation that band 3 exhibited multiple rotational correlation times indicates that several distinct classes of rotationally mobile band 3 coexist in the membrane (67) . Since a uniformly rotating molecular species can theoretically give rise to two correlation times that differ by a factor of about four (67), our finding that the shorter and longer band 3 correlation times differed by nearly an order of magnitude suggests that these two values could not be due to a single class of rotational motion.
PFD experiments must be performed using deoxygenated solutions because 02 effectively quenches the excited triplet state of eosin. Fluorescently labeled RBCs were deoxygenated by incubation in a glove box (818-GB; Plas-labs, Lansing, MI) set to the desired oxygen tension and by using an enzyme oxygen scavenging system. The enzyme scavenging system, which consisted of 50 U/ml glucose oxidase, 20 mM glucose, and I04 U/ml catalase, served to reduce 02 to H202 and H202 to H20 (66) . The excess of catalase reduced significantly the lifetime of unwanted peroxides. To decrease further the potential for peroxidemediated oxidative membrane damage, samples were first deoxygenated to 0.2% 02 at room temperature for 60 min in the glove box and then treated with the enzyme oxygen scavenging system. Slides were prepared for PFD experiments by placing 3.2 ul of a 10% RBC suspension on a BSA-coated glass slide and using vacuum grease to seal a BSA-coated coverslip over the sample, all in the glove box. Lateral and rotational mobility measurements were performed within 6 h offluorescent labeling. Results of PFD experiments using the enzyme scavenging system were identical to those using a more powerful glove box (Braun MB I 5OM; courtesy ofDr. ChristopherT. Walsh, Harvard Medical School, Boston, MA) to deoxygenate samples to 1 ppm 02 without the use of scavenging enzymes.
Time-resolved photon-counting laser microscope. We designed and constructed a unique high-speed laser microscope photometer to measure lateral and rotational dynamics of RBC membrane proteins and lipids (Fig. I ). The instrument design was based on our apparatus described in Caulfield et al. (70) and modifications were adapted from the system described by Yoshida and Barisas (65 formed on intact RBC membranes from seven patients with homozygous sickle cell disease and eight normal controls. Band 3 lateral and rotational mobility data were obtained from matched RBC samples on the same day.
Typical curves from FPR experiments on the lateral mobility of band 3 are shown in Fig. 2 . Recovery curves were analyzed by nonlinear least-squares analysis to determine the average lateral diffusion rate and the fraction of laterally mobile molecules. Normal cells manifested a band 3 lateral diffusion rate (D) of 1-2 x 10-1" cm2/s and a fractional mobility (f) of 50 to 70%. Glycophorin and phospholipid lateral mobility measurements on control RBCs included diffusion coefficients of 2-5 and 200-400 x 10-"1 cm2/s and fractional mobilities of 40-60 and 85-95%, respectively.
Typical sets of PFD fluorescence recovery data and the corresponding anisotropy curves are shown in Fig. 3 . Anisotropy curves were fitted by nonlinear least-squares analysis to two exponential decays and a residual anisotropy. The exponential decays were used to determine two rotational correlation times and the fraction of band 3 molecules rotating with each ofthese correlation times, whereas the residual anisotropy was used to determine the fraction of rotationally immobile molecules. Control RBCs had three populations ofband 3 molecules, including 15-30% rapidly rotating molecules (r,, < 200 ,us), 50 Fig. 2 , FPR experiments demonstrated large differences in lateral mobility between control and dense sickle samples. There were progressive decreases in the fractional mobilities ofboth band 3 and glycophorins as cell density increased. Protein fractional mobilities were similar to control values in the light sickle RBC fraction whereas mobilities were reduced by -60% in the dense sickle RBC fraction (Fig. 4) . The diffusion coefficients of the mobile band 3 and glycophorin molecules in all sickle RBC fractions were not significantly different from control values. Phospholipid diffusion coefficients in dense sickle RBCs were reduced by -10% compared with control values, confirming results reported by Boullier et al. (71 ) . Differences between the mag- nitudes of lipid diffusivities measured here and in reference 71 could be due to differences in the fluorescent lipid labels used. Although the number of normal RBCs in the densest fractions was much smaller than the corresponding number of sickle RBCs (see also Fig. 1 of reference 52) , normal RBCs separated according to buoyant density also showed a progressive decrease in the fractional mobility of band 3 with increasing cell density. The magnitude of this decrease was similar to that observed in density-separated sickle RBCs (Fig. 4 A) .
Progressive rotational immobilization of band 3 in sickle RBCs ofincreasing density. The rotational mobility of band 3 was also measured in sickle RBC fractions characterized by MCHC values of 30, 37, and 42 g/dl. Control RBCs were not separated according to density for PFD measurements because insufficient numbers of normal cells migrated in Stractan bands 4, 5, and 6 for accurate measurements of rotational mobility. As shown in Fig. 3 , PFD experiments demonstrated large differences in rotational mobility between control and dense sickle RBC samples. Light, medium, and dense sickle RBCs all manifested three distinct populations ofband 3 molecules. r1 and 12 values in all sickle RBC fractions were identical to those observed in control RBCs. The relative proportions of band 3 molecules in the rapidly rotating, slowly rotating, and rotationally immobile populations were significantly different among the sickle RBC fractions, however. There was a progressive decrease in the fraction of rapidly rotating band 3 and progressive increases in the fractions of slowly rotating and rotationally immobile band 3 with increasing sickle RBC density (Figs. 5, 6 ). The fraction of rapidly rotating band 3 in control RBCs (23±5%, mean±SD) was similar to that in light sickle RBCs (24±5%) but much greater than that in dense sickle RBCs (5±7%) (Fig. 5) . Conversely, the fraction of rotationally immobile band 3 in control RBCs ( 15±7%) was significantly less than that in light sickle RBCs (32±9%) and much less than that in dense sickle RBCs (56±5%) (Fig. 6) Nz. shrunken by overnight incubation in KPBS with sucrose. Osmotic shrinkage did cause progressive lateral immobilization of both proteins (Fig. 7 A) and rotational immobilization of band 3 (Fig. 7 B) at buffer osmolalities > 450 mosM. Upon substitution of these incubation buffer conditions into two independently derived models of the relationship between the amount of sucrose added to a solution and the MCHC of RBCs incubated in that solution (60, 6 1 ), however, it was found that buffer osmolalities > 450 mosM corresponded to predicted MCHC values > 44 g/dl (Fig. 7) . Dense sickle and normal RBCs, which had measured MCHC values of 38 to 44 g/dl, were therefore likely to have additional membrane abnormalities that caused transmembrane protein immobilization. As a second test of the hypothesis that cell density was directly responsible for protein aggregation, dense sickle RBCs were osmotically swollen by incubation in hypotonic buffers of 200, 160, and 135 mosM. Osmotic swelling of dense sickle RBCs has been observed to produce a decrease in MCHC sufficient for cells to exhibit the spiculated sickling behavior characteristic of cells of lower density (72, 73) . Only slight (5-10%) increases in the fractions of laterally mobile band 3 and glycophorins were observed upon incubation of dense sickle RBCs at 200 and 160 mosM, and sickle RBC lysis occurred at 135 mosM. In contrast, the density-dependent increases in the laterally immobile fractions of band 3 and glycophorins and in the rotationally immobile fraction of band 3 were entirely reversible upon rehydration of osmotically shrunken normal RBCs by incubation of cells in isotonic buffer (data not shown). These data suggest further that irreversible membrane alterations, rather than cellular dehydration, were responsible for the large immobile fractions of band 3 and glycophorins in dense sickle RBCs.
Lack ofeffect ofsickle RBC deoxygenation on band 3 mobility. We attempted to compare the lateral and rotational mobilities of band 3 in oxygenated sickle RBCs with those in sickle RBCs deoxygenated under N2 (which allows deoxyhemoglobin S to polymerize and morphologic sickling to occur) and in sickle RBCs deoxygenated under CO (which maintains hemoglobin S in the R conformation and therefore prevents hemoglobin polymerization and morphologic sickling). Concerning comparisons of band 3 lateral mobility, FPR experiments showed that the fractional mobility of band 3 was significantly decreased in eosin-labeled control RBCs incubated at 02 tensions < 2 torr. This apparent immobilization ofband 3 was not due to increased binding of deoxyhemoglobin A to the cytoplasmic domain of band 3, since the effect was not reversed by deoxygenation under CO instead of N2. Rather, it appeared that the photobleaching of eosin generated reactive species that were normally quenched by 02 but could not be removed by N2 or CO (Corbett, J. D., and D. E. Golan, manuscript submitted for publication). It was therefore not possible to interpret reliably the results of FPR experiments on deoxygenated eosin-labeled sickle RBCs. Band 3 rotational mobility, in contrast, must be measured under deoxygenated conditions. Deoxygenation under CO instead of N2 decreased by 10 to 20% the fraction of rotationally immobile band 3 in dense sickle RBCs and had no significant effect on the fraction of rotationally immobile band 3 in sickle RBCs of low and moderate density (data not shown). Stractan band 6 was composed largely of ISCs, and most ISCs do not undergo morphologic sickling. It is therefore unlikely that the effect of deoxygenation on band 3 rotational mobility was due to cellular shape change. Rather, it appears that deoxyhemoglobin S, which binds with higher affinity than oxyhemoglobin S to the cytoplasmic domain ofband 3 (10, 56, 74) , caused rotational immobilization of a minor fraction of band 3 molecules in deoxygenated dense sickle RBCs. Nonetheless, these observations further support the contention that dense sickle RBCs have, in addition to an increased MCHC value, irreversible membrane abnormalities that result in transmembrane protein immobilization.
Discussion
Rapidly rotating, slowly rotating, and rotationally immobile forms of band 3 appear to coexist in the normal RBC membrane. The consistent observation of distinct, well-defined rotational populations suggests that equilibria exist among the various molecular states of band 3 in the membrane. Others have estimated that, at 37°C, 25-35% of band 3 molecules rotate with correlation times < 150 ,us, 30-50% rotate with correlation times -3 ms, and 25-35% are rotationally immobile on the time scale ofthe experiment (67, 69) . Recent measurements with improved instrumentation indicate that about one-half of the rapidly rotating fraction of band 3 molecules rotate with correlation times of 25 to 30 As (67) (81, 82) , abnormally exposed galactosyl residues (46, 83, 84) , and clustered band 3 molecules (27, 48, 50) . Our data support the hypothesis that band 3 aggregation provides an important surface marker for RBC removal from the circulation.
The fractional mobility ofglycophorins, like that ofband 3, decreases progressively with increasing sickle RBC density. This observation suggests that glycophorins may be aggregated in dense sickle RBCs, although other molecular mechanisms could also mediate lateral immobilization (see above). Increased RBC adhesion to vascular endothelial cells has been postulated to result from clustering ofnegatively charged glycophorin-linked sialic acid moieties at the RBC surface (45, 85) .
The present studies of lateral and rotational mobility were performed on intact RBCs using our time-resolved photoncounting laser microscope. Intact cells are likely to be more physiologic than ghost membrane preparations in elucidating molecular alterations that mediate removal ofdense sickle and normal RBCs from the circulation. Band 3 lateral mobility has been studied in both RBC ghosts and intact cells ( 12, 13, 17, 64, 86) . Whereas band 3 mobility in intact normal RBCs under physiologic conditions is relatively consistent from study to study, lateral mobility in ghost membranes is highly variable. Fractional mobilities ranging from 0 to 70% and diffusion coefficients from 0 to 80 x 10-" cm2/s have been reported ( 12, 13, (87) (88) (89) . We have observed that small changes in experimental conditions can dramatically affect protein lateral mobility in RBC ghost membranes (data not shown). Previous studies of band 3 rotational mobility have been performed on macroscopic samples of RBC ghost membranes in cuvette-based systems (1 1, 18, 66, 67, 90-95 ) . In one recent study the rotational mobility ofband 3 was found to be similar in RBC ghosts and intact cells (67) ; this similarity may be fortuitous. Since RBC ghosts produced by hypotonic lysis may have altered interactions between integral membrane proteins and membrane skeletal proteins, dynamic measurements on intact cells are likely to provide a more accurate assessment of the physical states of band 3 and glycophorins in normal and abnormal RBC membranes.
In summary, we have used lateral and rotational mobility measurements to elucidate alterations in the physical states of band 3 and glycophorins in dense sickle and normal RBCs. Both transmembrane proteins appear to be progressively and irreversibly aggregated in RBCs of increased density. Band 3 clustering in particular may serve as the primary molecular signal for the removal of dense sickle RBCs (mainly ISCs) and dense normal RBCs (i.e., senescent cells) from the circulation.
